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Abstract 
MgV2O4 is a vanadium spinel considered for rechargeable magnesium ion batteries. Its defect 
chemistry, solution of dopants and the diffusion of Mg-ions are investigated using advanced 
atomistic modelling techniques. The energetically most favourable defect is Mg-V anti-site 
cluster (0.53 eV/defect) assuming that a small percentage of Mg2+ and V3+ ions would exchange 
their positions particularly at higher temperatures. Reaction energies for the loss of MgO via 
MgO Schottky and the formation of Mg vacancies via Mg Frenkel are calculated to be 5.13 
eV/defect and 5.23 eV/defect suggesting that the concentrations of these two defects will be not 
be significant. The most favourable diffusion mechanism of Mg ions is a three dimensional 
pathway, where the activation energy of migration is 0.52 eV. Formation of Mg interstitials and 
O vacancies can be facilitated by doping with Co2+ at the V site in MgV2O4. The electronic 
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The urgent demand for the further development of clean energy storage devices with novel 
functionalities and pronounced storage capacity led the community to investigate alternative 
materials for application to lithium ion batteries. Sodium (Na)-ion batteries are promising 
candidates as they are cheaper, Na is abundant and they can be safer [1-3]. For a battery, high 
energy density storage capacity is important and this can be achieved by utilizing battery 
materials based on multivalent charge carrier ions. 
Rechargeable batteries based on manganese (Mg)-ions have attracted considerable attention as 
potential candidates for next-generation energy storage systems mainly due to their high 
capacity (both gravimetric and volumetric) provided by Mg-based electrode materials [4-6]. Mg 
is abundant, non-toxic and it is relatively safe to use due to its higher melting temperature as 
compared to lithium (Li). The size of Mg2+ ion is similar to that of Li+ one but the strong ionic 
interaction of Mg2+ ions with host lattices makes the intercalation harder. Though this issue can 
be partly resolved by reducing the size of the cathode particle and increasing the shielding of 
Mg2+ ions inserted, a limited number of cathode materials including vanadium oxides (e.g. V2O5), 
manganese oxides (e.g. MnO2) and silicates (e.g. MgFeSiO4) have been previously considered [7-
11].  
Vanadium (V) based oxide materials have been considered appropriate for use in a vast variety of 
energy related applications including energy storage devices due to the ability of vanadium to 
possess variable oxidation states [12-15]. MgV2O4 is a cubic spinel based oxide that has been 
recently introduced as a candidate cathode material for Mg-ion batteries. Lee et al. [16] 
performed a systematic nuclear magnetic resonance (NMR) and density functional theory (DFT) 
study to unveil the magnetic ordering in MgV2O4, Mg6MnO8 and MgCr2O4. Electrochemical 
activity arising from defects and Mg-ion diffusion in the as-prepared and cycled structures is, 
however, not available.  
In a recent study Shrivastava et al. [17], inserted suitable dopants, such as Cr3+ and Fe3+, into 
the V site in MgV2O4 and examined the impact on structural, catalytic and magnetic properties. 
In previous theoretical studies of our group [18-24], a variety of oxide materials including Mg 
based oxides such as MgTiO3 and Mg6MnO8 was examined regarding their structural and 
electronic properties as well as their catalytic activity. We concluded that theoretical simulations 
based on classical potentials can be useful in the future experimental studies providing 
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information regarding defect structures, diffusion properties and solution of promising dopants 
at the V and Mg sites. 
Here we use atomistic simulation to identify the key defects in MgV2O4, as well as promising 
dopants that could improve the material properties and the Mg-ion transport. Electronic 
structures of doped-configurations calculated using DFT simulations are also discussed.  
 
2. Computational Methods 
The General Utility Lattice Program (GULP) (version 3.4.1) was used to run simulations based 
on force field methods [25, 26]. This program enabled us to perform geometry optimizations 
and calculate defect energies, solution energies for dopants and Mg-ion migration pathways. 
Ionic interactions were considered using long range (Coulombic) and short-range (Pauli 
repulsion and van der Waals attraction) interactions. The latter were modelled using 
Buckingham potentials. The Mott-Littleton method [27] as implemented in the GULP code was 
used to model point defects. Polarization of  ions was treated using the core-shell model.  
Electronic structure calculations were performed to examine the impact of  favourable dopants 
on the electronic structure of  MgV2O4 using the spin-polarized DFT code VASP (Vienna ab 
initio simulation program) [28, 29]. This code uses plane wave basis sets and projected 
augmented wave (PAW) potentials. We used a plane wave basis set with a cut-off  of  500 eV. 
Defect calculations were performed using a supercell containing 56 atoms. Monkhorst pack k-
points (8×8×8 k points for bulk and defective supercell) were used [30]. Exchange correlation 
was included within the generalized gradient approximation (GGA) as parameterized by Perdew, 
Burke, and Ernzerhof  (PBE) [31]. Conjugate gradient algorithm was used to optimize the 
atomic positions and the lattice parameters of  the cell [32]. Attractive interactions arising from 
dispersion were modelled using a semi-empirical DFT-D3 scheme included in the VASP code 
[33]. Isobaric parameters were used to calculate the formation and migration energies. In our 
previous work, we have discussed in detail the thermodynamic relations associated with isobaric 
parameters [34-38]. 
 
3. Results and Discussions 
3.1. Modelling of crystal structure of MgV2O4 
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MgV2O4 crystallizes in a cubic spinel structure with space group Fd3̅𝑚 (no. 227). Its 
experimental lattice constant was reported to be 8.3850 Å [39]. In this crystal structure, Mg2+ 
and V3+ ions form tetrahedral and octahedral units, respectively, through corners sharing (refer 
to Figure 1). We used previously published Buckingham potentials (refer to Table S1 in the 
supplementary information) and standard PAW potentials in GULP and VASP respectively to 
reproduce the experimental lattice parameter of the bulk MgV2O4. Table 1 reports the 
experimental and calculated values of lattice parameters together with the error percentage. The 
values calculated using both methods reproduce the experimetal structure very well with the 
error margin being less than 0.70 %.  
3.2. Intrinsic defect properties  
In this section, we discuss the three key defect processes namely Schottky, Frenkel and anti-site. 
In order to calculate the Schottky and Frenkel defect energies, it was necessary to calculate the 
energies of point defects (vacancies and interstitials). Figure 2 shows the schematic diagrams of 
point defects (vacancy, interstitial) and anti-site defect.  
There are eight intrinsic defect processes exhibited by MgV2O4; these processes are outlined in 
equations (1-8) using the Kröger-Vink notation [40].  
Mg Frenkel: MgMg
X  →  𝑉Mg
′′ + Mgi
•⦁        (1) 
V Frenkel: 𝑉V
X  →  𝑉V
′′′ +  Vi
•••        (2) 
O Frenkel: OO
X  →  𝑉O
•• +  Oi
′′         (3) 
Schottky: MgMg 
X + 2 VV
X + 4 OO
X →  𝑉Mg
′′ +  2 𝑉V
′′′ + 4 𝑉O
•• + MgV2O4   (4) 
MgO Schottky: MgMg
X +  OO
X →  𝑉Mg
′′ + 𝑉O
•• +  MgO      (5) 
V2O3 Schottky: 2 𝑉V
X +  3 𝑉O
X → 2 𝑉V
′′′ + 3 𝑉O
•• +  V2O3     (6) 




•      (7) 
Mg/V antisite (cluster): MgMg
X + VV
X →  {MgV
′ : VMg
• }X     (8) 
Calculations show that the formation of Mg-V anti-site defect cluster is energetically favourable 
(0.53 eV/defect). In this defect process, Mg2+ and V3+ undergo a simultaneous exchange of their 
atomic positions. Many experimental and theoretical studies [18-22,41-47] have discussed 
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analogous defects in detail. In the isolated form of anti-site defect both MgV
′  and VMg
•  are 
calculated independently and their energies are combined. The energy difference between the 
clustered and isolated forms is the binding energy (‒0.31 eV). The negative value indicates that 
isolated charged defects are not stable and prefer to cluster. The strength of binding depends on 
the charges on the isolated defects. For example, in our previous study, the binding energy was 
‒1.36 eV for the attraction between MgMn
′′  and MnMg 
•• in Mg6MnO8. Defect energies of Mg 
Frenkel, MgO Schottky, Schottky and V2O3 Schottky are between 5.13 eV and 5.36 eV 
suggesting that these defect processes are not favoured at room temperature and would only take 
place at high temperatures. Oxygen and vanadium Frenkel energies are calculated to be 6.26 eV 
and 6.98 eV, respectively, implying low concentrations of oxygen and vanadium vacancies at 
room temperature.  
 
3.3. Mg-ion diffusion  
We furthermore calculated Mg-ion migration pathways and their activation energies as they are 
important for intercalation and de-intercalation processes. Force field atomistic simulations were 
used to calculate the Mg vacancy migration pathways and the respective activation energies of 
migration. We identified Mg local hops (refer to arrows in figure 3 a) with the Mg-Mg distances 
being 3.62 Å. The activation energy of migration for this local hop is 0.52 eV. Mg-ion migration 
path calculated for this local hop is shown in Figure 3a (refer to yellow atoms). Three-
dimensional long range pathways were constructed by connecting Mg local hops as shown in 
Figure 3 a. Activation energy for this long-range migration would be 0.52 eV as there is only 
one local hop present. The results show that ionic conductivity in this material is relatively high 
and the activation energy calculated for Mg-ion migration is relatively low compared to those 
found in other oxide based Mg-ion battery materials [refer to Table 3][21,48-51]. Previous 
theoretical study shows that MgA2B4 (A=Y or Sc and B = S or Se or Te) compounds exhibit 
lower activation energies (0.30-0.40 eV) than that calculated in the oxide based Mg materials as 
reported in Table 3 [52].  
 
3.4. Solution of dopants 
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As substitution with dopants represents an effective way towards improving an electrode 
performance, we next investigated the incorporation of a range of cations in MgV2O4 using force 
field method and identified the most favourable dopants hence offering guidelines for the 
formation and experimental study of potential electrode materials. Here we discuss the doping 
mechanism considering solution energy, cation size and local structure.  
3.4.1. Divalent dopants 
The impact of divalent doping (R= Ni, Co, Zr, Fe, Ca, Sr and Ba) at the Mg site is first considered. 
The doping procedure is thoroughly described by the following equation: 
RO +   MgMg 
X →  RMg 
X + MgO         (9) 
In Figure 4, the calculated solution enthalpies are reported. Exoergic solution enthalpies are 
noted for Zn2+, Fe2+ and Ca2+ which  implies that doping with these elements is highly favourable 
and such material systems should be investigated experimentally. The possible formula of  the 
doped composition can be represented as Mg1-xRxV2O4 (R=Zn, Fe and Ca). The ionic radius of  
Mg2+ in the tetrahedral coordination is 0.57 Å. Amongst favourable dopants Zn2+, with an ionic 
radius that is close to that of  Mg2+, is considered as the most preferable one (solution enthalpy 
is ‒0.24 eV). As the ionic radii of  Fe2+ and Ca2+ are slightly larger than that of  Mg2+, their 
solution energies are slightly higher. Both Ni2+ and Co2+ exhibit endoergic solution enthalpies 
though their ionic radii are closer to that of  Mg2+. There is a gradual increase in the solution 
enthalpy with ionic radius from Sr2+ to Ba2+. As high solution enthalpies are calculated for Sr2+ 
and Ba2+, doping should be carried out at high temperatures. 
 
Thereafter, we considered the doping of  divalent cations at the V site. Two different possible 
mechanisms are suggested (refer to Eqns 10 & 11). In the first mechanism (equation 10), Mg 
interstitials are introduced as charge compensation defects. This process can increase the amount 
of  Mg required for the efficient intercalation/de-intercalation process. The solution energies for 
this process are shown in Figure 5a. The lowest solution enthalpy is calculated for Co2+. Solution 
energies of  Ni2+, Co2+, Zn2+ and Fe2+ are endoergic (~3.30 eV) and close to each other suggesting 
that significant energy should be provided for this process. Solution enthalpy increases with the 
cationic radius from Ca2+ to La3+.  
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2 RO + 2VV
X + MgO →  2 RV
′ +  Mgi
⦁⦁ +  V2O3  (10)  
In the second process, oxygen vacancies are generated to compensate charge introduced by the 
doping. Equation 11 explains this process and solution enthalpies are shown in Figure 5b.  
2 RO + 2VV
X + Oo
X →  2 RV
′ + VO
⦁⦁ +   V2O3   (11)  
Similar trend to that discussed above for the solution enthalpy is observed for the process of Mg 
interstitials. Solution enthalpies are almost the same and differs only by ~0.10 eV. This result 
indicates that the dopants Ni2+, Co2+, Zr2+ and Fe2+ can be tested experimentally though their 
solutions are high.  
3.4.2. Trivalent dopants 
Finally, trivalent dopants (R=Al3+, Ni3+, Co3+, Cr3+, Ga3+, Fe3+, Mn3+, Sc3+, Y3+ and La3+) were 
considered at the V site. Charge compensation defect was not necessary in this process as both V 
and dopants are in +3 charge state as explained in the equation 12.  
R2O3 +  2VV
X  →  2 RV
X + V2O3  (12) 
Solution enthalpies are reported in Figure 6. Previous experimental studies have also considered 
the doping with trivalent cations such as Al3+, Cr3+ and Fe3+ at the V site. Mamiya et al. [53] 
used solid state reaction method to synthesize Al-doped MgV2O4 and examine its structural and 
magnetic properties compared to that of MgV2O4. In a different experimental study, Shrivastava 
et al. [17] studied the effect of doping of Cr3+ and Fe3+ at the vanadium site in MgV2O4. Here we 
calculate the solution enthalpies for different trivalent dopants (including Al3+, Cr3+ and Fe3+) to 
predict the most promising dopants that should be examined experimentally. Calculations show 
that Al3+, Ni3+, Co3+ and Cr3+ exhibit exoergic solution enthalpies and thus they are promising. 
This is in line with the experimental studies regarding the doping of Al3+ and Cr3+. Solution 
enthalpies of Ga3+ and Fe3+ are 0.01 eV and 0.14 eV respectively suggesting that they should 
also be considered for experimental verification. Solution enthalpy increases with ionic radius 
from Mn3+ to La3+. High positive solution enthalpy calculated for La3+ shows that doping with 
this cation is unlikely to carry out experimentally.  
 
3.5. Electronic structures of doped-MgV2O4 composites 
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DFT simulations were performed to examine the electronic structures of both defect-free and 
doped structures. Here, we consider the favourable dopants as reported in section 3.4 for 
discussion.  
The electronic structure of MgV2O4 has been previously discussed by Pandey [54]. Non-
magnetic (NM) structure is 0.65 eV/f.u (f.u=formula unit) higher in energy than ferromagnetic 
structure (FM) in his study. This is in agreement with the present simulation. Here, the trend is 
the same and the energy difference is 0.55 eV/f.u. Calculated density of states (DOS) exhibits 
metallic behavior as observed in the previous simulations [54]. These considered GGA and 
GGA+U flavors and in both cases magnetic ground state was observed. Anti-ferromagnetic 
(AFM) configuration created a small band gap of 0.16 eV. Here we considered only FM 
configurations in all cases as the purpose of this section is only to consider how dopants change 
the electronic structure of the MgV2O4.  
Divalent dopants at the Mg site are first discussed. Figure 7 shows the doped configurations, 
DOSs (both total and atom) and charge densities around the doped atoms. In the Zn-doped 
configuration, Zn-O bond distances differ only by ~0.01 Å from Mg-O bond distances (refer to 
Figure 7b). This is reflected in the low value of solution enthalpy calculated for Zn (‒0.24 eV). 
As the deviation in the bond distances increases from Fe to Ca, solution enthalpy also increases 
from ‒0.16 eV to ‒0.07 eV respectively.  
The Fermi energy is slightly reduced upon doping. In the case of Zn, its d states are further away 
from the Fermi level. This can be due to the complete d10 configuration with non-magnetic 
nature. This is supported by the charge density around Zn (refer to Figure 7l). Doping with Fe 
at the Mg site introduces d states near the Fermi level and perturbs the lattice as shown in the 
charge density plot (refer to Figure 7m). The p states of Ca appear near the Fermi level and 
valence band reflecting this effect in the charge density plot.  
Next we considered the Co2+ occupying the V site. Co-O bond distances are slightly longer than 
V-O bond distances. This is due to the higher strength of the V3+-O2‒ bond compared to the 
Co2+-O2‒ one. Co-doping introduces a reduction in the Fermi energy by 0.19 eV. The Fermi 
energy level is slightly altered (refer to Figure 8d) and this can be due to the cation charge 
mismatch. Figure 8e shows additional states arising from Co doping between 4.50-6.00 eV. As 
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Co2+ doping at the V3+ site introduces an electron in the lattice, there is probably a charge 
delocalization within the lattice as shown in Figure 8f.  
Finally, the structure and electronic properties of Al-doped MgV2O4 are discussed. Even though, 
Al and V exhibit +3 charge in the lattice, Al-O bond lengths are shorter than the V-O bond ones 
due to smaller ionic radius of Al3+ compared to V3+ in an octahedral coordination. Figure 9 shows 
the chemical environment of V and Al in defect-free and Al-doped MgV2O4 lattice respectively, 
DOSs and constant charge density distribution arising from Al-doping. The Fermi energy 
increases only by 0.04 eV upon Al doping. States arising from Al-doping are noted between 0.00 
and ‒2.00 eV and these mainly consist of s and p orbitals of Al. Charge density associated with 
additional states are mainly localized around the Al atom.  
 
4. Conclusions 
The present computational study examined the formation of key defect processes, Mg-ion 
diffusion pathways and the promising dopants at the Mg and V sites in MgV2O4. The Mg-V anti-
site defect was found to be the most energetically favourable one. Mg-ion diffusion in this 
material is calculated to be three-dimensional with an activation energy of migration of 0.52 eV 
implying higher Mg-ion conductivity in MgV2O4 than that calculated in other Mg-ion based 
battery materials. The amount of Mg in the form of Mg interstitials and O vacancies can be 
increased by doping with Co2+ at the V site. Promising isovalent dopants at the V site are 
calculated to be Al3+, Ni3+, Co3+ and Cr3+ in agreement with recent experimental reports on the 
successful synthesis of Al and Cr-doped MgV2O4. Electronic structure unveiled the difference in 
the electronic properties between un-doped and the doped configurations. Analysis of the point 
defects and defect processes using thermodynamic models should be considered in future work 
[55,56].  
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Force field DFT Force field DFT 
a = b= c (Å) 8.3669 8.4010 8.3850 0.22 0.19 
α = β= γ (°) 90.00 90.00 90.00 0.00 0.00 



























Table 2. Intrinsic defect energies calculated in MgV2O4. 
Defect process Defect energy (eV) Defect energy (eV)/defect 
Mg Frenkel/1 10.46 5.23 
V Frenkel/2 13.96 6.98 
O Frenkel/3 12.52 6.26 
Schottky/4 37.31 5.33 
MgO Schottky/5 10.26 5.13 
V2O3 Schottky/6 26.80 5.36 
Mg/V anti-site (isolated)/7 1.68 0.84 


























Table 3. Activation energy calculated for Mg-ion migration in electrode materials. 
 
Material Activation energy (eV) 
MgFeSiO4 0.60 [48] 
MgTiO3 0.88 [21] 
Mg6MnO8 0.82 [22] 
MgTa2O6 2.21[49] 
MgVPO4O 0.58 [50] 


























































































Figure 3 (a) Mg ion diffusion paths constructed by connecting Mg hops with the Mg-Mg separation of 3.62 Å in 






























































Figure 5. Solution enthalpies calculated for a range divalent dopants at the V site with the formation of (a) Mg 







































Figure 6. Enthalpy of solution of R2O3 (R=Al, Ni, Co, Cr, Ga, Fe, Mn, Sc, Y and La) as a function of R3+ ionic 

































Figure 7. (a-d) Tetrahedral units showing bond lengths in un-doped and doped (Zn, Fe and Ca) configurations, (e-













Figure 8. (a)VO6 octahedral unit in the relaxed defect free MgV2O4 bulk structure, (b) CoO6 octahedral unit in the 
Co2+ doped at the V site configuration, (c) total DOS of MgV2O4, (d) total DOS of Co-doped configuration, (e) 



















Figure 9. (a)VO6 octahedral unit in the relaxed defect free MgV2O4 bulk structure, (b) AlO6 octahedral unit in the 
Al3+ doped at the V site configuration, (c) total DOS of MgV2O4, (d) total DOS of Al-doped configuration, (e) 
atomic DOS of Al and (f) constant charge density plot associated with the Al atom. 
 
 
 
 
 
 
 
